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Abstract—The push for less emissions has driven transporta-
tion towards electrification. The electrical variable transmission
is a promising emerging component that has proven to be
successful in passenger vehicles and is being considered in
this paper for off-highway vehicles. By electromagnetically
coupling the internal combustion engine with the wheels, al-
lowing independent rotation, the engine is kept in its optimal
operating range. This paper benchmarks the electrical variable
transmission to one of the most successful hybrid topologies:
the Toyota hybrid system. Flanders Make’s Hybrid Electric
Drivetrain CoDesign framework is being used to ensure optimal
control decisions for both. Results show that the electrical
variable transmission may reduce fuel consumption by 30%
and total cost of ownership by 10%.
Index Terms—Electric variable transmission, dynamic pro-
gramming, energy management, off-highway vehicles, total cost
of ownership.
I. INTRODUCTION
T he electrification of transportation is one of the mostimportant factors to reduce global warming. Traditional
single mechanical port electric machines, such as induction
and permanent magnet machines, are intensively used by the
automotive industry to create full or Hybrid Electric Vehicles
(HEV) [1]. These traditional electric machines often require
an additional mechanical device, e.g. a gearbox or planetary
gear, to match the vehicle requirements or interface the differ-
ent components. Therefore, an Electric Variable Transmission
(EVT), which is a dual mechanical ports electric machine,
was developed to reduce the use of such components [2].
An EVT is a competitive power split device that combines
the functionality of two electric machines and a planetary
gear set into one single electromechanical device [3]. An EVT
has two mechanical ports and two electric ports. A decade
of research has shown both the feasibility and reduced fuel
consumption of an EVT in a HEV drivetrain [4], [5], [6], [7],
[8]. These findings have been recently confirmed using more
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sophisticated EVT models in [3] and [9]. However, to the best
of the authors’ knowledge, there is few research that studies
the behavior of the EVT in off-highway (OHW) vehicles (e.g.
tractors, forklifts, reach stackers . . . ) [10], [11].
This paper aims to characterize the benefits of introducing
an EVT system in OHW vehicles, such as lower fuel con-
sumption, better power flow management and reduced battery
ageing. The well-known Toyota Hybrid System (THS) (often
called Hybrid Synergy Drive) [12] has been selected as a
benchmark case. Both topologies are modeled in the Matlab
embedded Hybrid Electric Drivetrain CoDesign framework
developed at Flanders Make [13]. Here, Dynamic Program-
ming (DP) is used to define the optimal set of inputs on the
complete driving cycle in order to minimize, in this case, the
fuel consumption.
The performance of each hybrid topology is evaluated
using the same driving cycle. The framework allows the users
to develop a topology (components, links, driving cycle),
to define and solve the DP problem (states, inputs, cost
function), to run the outputs of the DP as forward simulation
and to post-process the data (total cost of ownership (TCO)
analysis, visualization, efficiency analysis, etc.).
The paper is organized as follows: Sec.II briefly intro-
duces the EVT. Sec.III describes the used methodology, in-
cluding the DP framework as well as models of all considered
components. Sec.IV comprehensively presents and discusses
the results of this analysis. Finally, Sec.V summarizes the
conclusions.
II. ELECTRICAL VARIABLE TRANSMISSION
During the past decade, in which fuel consumption and
emissions have become key performance indicators, the EVT
has gained a lot of interest to optimize fuel consumption [14].
Of the many different EVT topologies, a permanent magnet
version, as described in [15] is used in this paper. An EVT
differentiates itself from other hybrid systems and power split
transmissions by offering two electromagnetically coupled
rotors which are mechanically uncoupled. This creates two
mechanical and two electrical ports within one machine.
The cross section of the considered EVT is shown in
Fig.1. Both the inner rotor and stator are equipped with a
distributed three-phase winding. The outer rotor consists of a
single layer of permanent magnets and a DC-field winding,
which are separated by a flux bridge. The purpose of this
DC-field winding was introduced and explained in [15].
Fig. 1. Cross section of the EVT
TABLE I
MACHINE PARAMETERS OF THE CONSIDERED, UNSCALED, EVT.
Stator Outer rotor Inner rotor
Rated mechanical power [kW] - 120 75
Number of slots Ni 48 - 48
Number of pole pairs Np 4 4 4
Outer radius [mm] 175 123.5 102
Inner radius [mm] 124.5 103 57
PM thickness Lm [mm] - 5 -
Active axial length L [mm] 87 87 87
Width flux bridge [mm] - 5 -
The shafts of the inner and outer rotor form the two
mechanical ports while the windings of the inner rotor and
stator form the two electrical ports. Slip rings are used to
connect the inner rotor and DC-field winding. For clarity,
the most important EVT parameters are shown in Table I.
III. METHODOLOGY
A. Dynamic Programming
Dynamic Programming is a global optimal control algo-
rithm used to find the control inputs u that minimize the total










As opposed to other (analytical) optimization methods
which relate to the Potriagin minimal principle [16] to
derive the necessary conditions for optimality [17], DP is
a numerical optimization technique which uses the principle
of optimality to derive the necessary conditions for optimality
[18]. The DP algorithm examines all the feasible state driving
cycle candidates that satisfy the necessary condition, by
breaking down the global problem into local subproblems
for every (reachable) discrete state and time instant. Due
to its numerical framework, it is very suitable to describe
discrete dynamics, nonlinear characteristics, and non-convex
constraints, while global optimality is guaranteed when ne-
glecting approximation errors introduced by mathematical
modeling and numerical quantization [19]. When DP is used
for continuous dynamics, e.g. battery state of charge (SoC),
that state and its related control input need to be quantized
into a finite number of options, creating an inherent trade-off
between accuracy of the optimum and computing effort.
In the framework [13] an effort was done to guarantee fast
and sufficiently accurate calculation of the optimum. First,
all model evaluations in DP are performed using efficient
stacking of matrix calculations such that the number of
calculations is kept to a minimum. Then, as DP evaluates
the same subproblem with a different value for the driving
cycle at each timestep, it is possible to separate the DP
evaluations which are time independent, i.e. the effect of
the control input grid on the state is not dependent on the
driving cycle. The time independent part is automatically
extracted, evaluated just once and stored as a lookup table.
All evaluations concerning states should preferably be in the
time-independent part. This is often possible by a deliberate
choice of mathematical control input to isolate a state, e.g.
SoC state using ∆SoC as input. With matching state and
input, it is also recommended to match their quantization to
avoid state leakage due to round-off errors. Given all speed
ups, DP is able to accurately and efficiently evaluate both
EVT and THS drivetrain topologies.
B. Studied vehicle
The Doosan D90s-7 forklift [20] has been selected as the
reference OHW application as its power requirements and
weight are within a sensible range from the reference EVT
and THS models, which were originally developed for pas-
senger car applications. This ensures that both topologies are
suitable and sufficiently scalable. The details of the Doosan
D90s-7 are shown in Table II. For modelling purposes, the
weight of the components has been taken into account, as
it affects the fuel consumption, but no feasibility analysis
has been performed to ensure that these components would
physically fit in the forklift.
C. Modelling of the THS
The THS topology is based on two electromotors (EM1
and EM2). A planetary gear system (PGS) splits the incom-
ing power from the internal combustion engine (ICE) and
transmits it to the rotor of EM1 and the rotor of EM2, of
which the latter is also connected to the gearbox (GB) which
drives the wheels. The GB is required to limit the torque
peaks to the THS. The battery connects to the converters of
EM1 and EM2 via a DC/DC converter and common DC-bus.
Fig. 2 outlines the conceptual design of the THS topology.
The ratings of the ICE, EM1, EM2 and PGS are based on
the Toyota Prius II [12]. As the forklift is ten times heavier
Fig. 2. THS topology (power converters not shown).
TABLE II
POWER RATINGS FOR THS TOPOLOGY [12], [20].
Toyota Prius II Doosan D90s-7
Mass [T] 1 360 12 275 (Diesel, unloaded)
ICE Power [kW] 57 100
EM1 Power [kW] 50 250
EM2 Power [kW] 30 30
PGS ratio (rps) 2.6 (78/23/30) 2.6 (78/23/30)
than the Prius II, the ICE power rating is doubled and the
EM1 rating is multiplied by a factor 5 to cope with the
mass difference. EM2 is kept at the same rating because it
is sufficient for the chosen driving cycle. The PGS ratios are
sufficient. Table II details these values for both vehicles. For
reference, the Diesel Doosan D90s-7 engine has a peak power
of 80.9 kW [20]. The mass increase due to hybridization is
664 kg for the EVT and 622 kg for the THS.
D. Modelling of the EVT
The inner rotor (rotor 1) of the EVT is attached to the
ICE and the outer rotor (rotor 2) is connected to the GB of
the vehicle, again to limit torque. The converters of stator and
inner rotor (connected via the slip rings) are again connected
to a common DC-bus, which is also connected to the battery
unit via a DC/DC converter. Fig. 3 outlines the conceptual
design of the EVT topology.
The EVT is programmed in the toolbox as a Look-Up
Table (LUT) to speed up the DP calculation. This LUT
outputs losses for any given set of inputs that is in range
and was generated from the validated model of [15], [21],
which in turn was based on a prototype, experimental tests
and finite element calculations. That prototype was made for
an average size passenger car, of which the size and torque
requirements do not match the considered OHW vehicle (see
also Table I. To avoid a computational expensive redesign of
the EVT, scaling laws for the EVT have been developed and
validated [22]. This allows for a fast assessment of design
modifications via axial Ka and radial scaling Kr in terms
of losses, maximum torque and weight, volume or inertia
[23]. The size of the EVT, and thus its torque transmitting
capabilities, are determined by the scaling factors and the
DC bus voltage VDC (fixed value, defined within the battery
unit).
The validated EVT model is considered scalable in the
range of [Ka,Kr] ∈ [0.8-2,0.8-2], the set [2,2] being equal
TABLE III
RATED & SIMULATED POWERS AND TORQUES FOR THE EVT.
Rotor 1 Rotor 2 Stator
Pmech,rated [kW] 220 330 -
Pmech,sim [kW] 36 176 -
Tmax,rated [Nm] 470 - 705
Tmax,sim [Nm] 158 - 520
Fig. 3. EVT topology (power converters not shown).
to the largest achievable ratings. The EVT systems has been
sized to Ka = Kr = 1.4 to be able to complete the driving
cycle and to reflect a similar material cost as the THS (see
also Sec.III-F). The resulting torque and power ratings (rated)
as well as the maxima obtained during simulation (sim) are
shown in Table III.
E. Drivetrain modeling
The forklift is modelled as a vehicle body with given mass
(not including the hybrid drivetrain), a front area creating
drag friction through a drag coefficient, tire friction through
a road friction coefficient and translation-rotation mechanical
conversion through a wheel radius and final drive ratio (and
related efficiency). Table IV summarizes the values for the
Doosan D90s-7.
The ICE, EM and converter models are native to the
toolbox and based on [13] and [24]. The battery, identical
for THS and EVT topology, is modeled as a lossless constant
voltage source with power limits determined by the maximum
charge and discharge C-rate. The GB is also identical and
is a shifted forward and backward system with an overall
efficiency to account for the mechanical losses. Table V
summarizes the values used to model the battery and GB
for the simulation of both topologies.
The components are mathematically linked together to
create the hybrid drivetrain topology model containing all the
TABLE IV
DOOSAN D90S-7 MODEL [20].
Parameters Doosan D90s-7
Mass [T] 12 275
Wheels radius [m] 0.498
Wheel ratio [-] 10
Wheels efficiency [-] 0.98
Drag coefficient [-] 0.45
Rolling coefficient [-] 0.01




Battery capacity [kWh] 10
Battery voltage [V] 600
Battery C-rate (charge, discharge) [h−1] [5,10]
Gear ratio [-] [-0.8 -1.6 -3.2 neutral 3.2 1.6 0.8]
Gear efficiency [-] 85%
Fig. 4. Forklift driving cycle
system equations. By defining the input signals the topology
is compiled into a causal model to be used in DP and the
forward simulation.
The driving cycle is provided as a speed-time profile and
will act as a boundary condition for DP. If the boundary
condition cannot be met for each of the points in the profile
i.e. there is no feasible set of inputs, the topology is not
feasible for the given driving cycle. The chosen driving cycle
is presented in Fig. 4, which is based on [25] and was adapted
according to the mass ratio between the vehicle(s) studied in
[25] and the forklift used in this paper.
F. TCO analysis
The two topologies are compared on a cost basis. The
TCO sums the operational cost (based on the fuel consump-
tion) and the capital costs (based on cost model for the
relevant components). The capital cost includes the following
components:
• EM: the cost model for electric motors takes into ac-
count the converter cost and material cost, where each
has a fixed and variable part. The cost scales linearly
with the rated power using a correlation from [26].
• EVT: The EVT is not an off-the-shelf component, so
its material cost is estimated to be 150 % of one EM
(PMSM), as the EVT has two rotors but only one
stator. The same coefficients and the same converter cost
models are used as for the EM.
• GB: the cost model for the GB uses a cost per volume
indicator where the volume is calculated according to
the maximum gear ratio and torque.
• ICE: the cost for the ICE scales linearly with the rated
power. The fixed cost are based on the fuel tank, the
exhaust treatment and the start/stop system as from [26].
TABLE VI
USED COST PARAMETERS FOR THE TCO ANALYSIS.
Fixed cost [C] Variable cost [C/unit]
Inverter 270 76 /kW
EM 250 17.4 /kW
EVT 375 26.1 /kW
GB - 1 /l
ICE 1 125 50 /kW
Battery 300 0.42 /Wh
Fig. 5. Fuel consumption for THS and EVT topologies
• Battery: the cost model integrates a linear cost function
of the open-loop voltage and capacitance of the battery.
Each used coefficient is listed in Table VI and based on a
market study conducted by Flanders Make [27]. Additionally,
the TCO analysis requires a total driven distance of the
vehicle to calculate the total cost over the entire lifetime.
Input from Flanders Make’s industrial partners lead to a
lifetime of 5 years and 600 operational hours per year, this
totals to 25 000 km; each cycle is 952 m.
IV. RESULTS AND DISCUSSION
The DP toolbox makes sure that the optimal control inputs
are used during the driving of one cycle. By calculating back-
wards all feasible ways of driving the cycle, it is ensured that
the fuel consumption is minimal. The following paragraphs
will discuss the outcome of this analysis.
A. Fuel consumption
Fig. 5 presents the fuel consumption over one driving
cycle for the THS and EVT topologies. The THS consumes
126 grams of fuel while the EVT consumes 86 grams, which
is an improvement of 32% for this off-highway application.
The fuel consumption for the EVT topology displays a
less-linear trend (flatter pattern) than the THS topology. This
implies a different usage of the ICE in each topology. Figs.
6a and 6b show the torque versus speed plots on the ICE
efficiency maps for the THS and EVT respectively. It is
clear that the EVT topology allows to use the ICE in a more
efficient zone compared to the THS topology. Furthermore,
the ICE is either used in its best efficiency range or not used,
whereas the THS configuration covers a larger working zone
of the ICE thus lowering the average efficiency. Please note
that the ICE model has been simplified to only idle (zero
torque at any speed) and not stop (zero torque and zero
(a) THS
(b) EVT
Fig. 6. Torque versus speed plot of the entire driving cycle on the efficiency
map of the ICE, for (a) THS system, (b) EVT system.
speed). The impact of this simplification is limited and does
not favor any topology over the other.
The difference in behaviour can be explained using Fig. 7,
displaying the power flows of the ICE and battery, for each
topology. The fuel consumption is placed on top of these
power flows (on a different scale and right y-axis) to illustrate
the fuel consumption of the ICE. Fig. 7c provides more
insight in the acceleration and deceleration (= regenerating)
phases.
Fig. 7a clearly depicts that the ICE and the battery split
(almost in 50-50% manner) the power required during the
acceleration phases (positive power values) while the decel-
eration phases (negative power values) are handled purely by
the battery. During these breaking phases, it is noticed that
the ICE does not provide active power to the drivetrain (ICE
power = 0), meaning that the regenerative power produced
is enough to balance the depletion of the battery during
the acceleration phases. These curves correlate well with
the torque-speed mapping of Fig. 6b and the flattened fuel
consumption curve that was observed.
In comparison with the EVT topology, Fig. 7b shows that
the ICE and the battery are almost never driving the wheels
simultaneously. This figure can be divided into three stages:
(a) Power flows for the ICE and the battery (left y-axis) & Fuel consumption
(right y-axis) for the EVT topology
(b) Power flows for the ICE and the battery (left y-axis) & Fuel consump-
tion (right y-axis) for the THS topology
(c) Power to the wheel (for EVT, minimal difference for THS) and forklift
driving cycle
Fig. 7. EVT (7a) power flows, THS (7b) power flows and driving cycle
(7c) power flows for the EVT topology
• “Steady-state” stage: mostly visible at the beginning
of the driving cycle or between 300 and 350 seconds.
No great acceleration or deceleration occurs at these
moments. Nevertheless, it is noticeable that the ICE is
providing power using EM2 which is directly absorbed
by the battery (identical flows but reversed).
• Acceleration phase (power > 0): a mismatch is notable
between the power delivered by the battery and by the
ICE. The increasing power of the battery is provided
during the acceleration phases while the increasing
power of the ICE is delivered just after it (in deceleration
phases). The ICE is not able to brake the system,
therefore, this implies that the ICE is used to charge
the battery and that the DP process deems to be more
efficient to drive the forklift using only electrical power
Fig. 8. Electrical power flows in EM1 and EM2.
Fig. 9. SoC of the battery for THS and EVT topologies.
during peak demands.
• Deceleration phase (power < 0): the power curves
outline that the ICE usage can be lowered (or even
stopped) during the regenerative period. The incoming
power flow from the wheels is then handled by EM1
and EM2.
These statements are supported by Fig. 8 where the electrical
power flows of EM1 and EM2 are presented.
B. Battery ageing
The battery state-of-charge (SoC) for the two topologies
are presented in Fig. 9. These clearly show that no net-
electrical consumption takes place. The THS SoC stands a
bit higher than the EVT during the complete driving cycle,
which can again be explained from the power profiles, as the
battery in the THS topology is continuously being charged.
Given the way the batteries are used, the usage factor
(UF), calculated as the amount of load variation in the battery
times the lifetime of the vehicle (25 000 km) and divided by
the driven distance (0.96 km) and the number of expected
cycles of the battery (10 000), is lower for the EVT (43.7%)
than for the THS (58.4%), which is a difference of 25%.
The capital cost of the batteries remains the same as the UF
is < 100% for both topologies and thus the lifetime of one
battery is sufficient for the considered lifetime of the vehicle.
However, if the lifetime would be longer, the battery in the
EVT topology would thus last longer.
Fig. 10. TCO analysis.
TABLE VII
THS AND EVT COMPARISON.
THS EVT ∆
Fuel [g] 126.39 85.54 -32%
Battery usage [% of lifetime] 58.4 43.7 -25%
Capital cost of transmission [C] 34 080 32 032 -6%
Lifetime fuel cost [C] 9 085 6 149 -32%
TCO [C] 43 165 38 181 -12%
C. TCO analysis
A full TCO analysis of the topologies is given in Fig.
10. The gain in cost is achieved by the decreased operational
cost and decreased capital cost of the EVT. The gain in cost
is 11.5% (decreased from C43 165 to C38 181).
V. CONCLUSIONS
This paper shows the potential of integrating an electri-
cal variable transmission (EVT) to electrify an off-highway
drivetrain. The EVT combines the functionality of a motor, a
generator and a variable transmission, which are key elements
in a hybrid drivetrain. It was benchmarked against the Toyota
Hybrid System (THS) and evaluated with Dynamic Program-
ming (DP) to ensure a global optimal control strategy. Table
VII summarizes the results.
The fuel consumption is reduced by roughly 30% while
the overall cost of the transmission, primarily based on the
material cost, is similar. The detailed power flow analysis
illustrates that the EVT is more flexible in decoupling the ICE
from the wheels, which leads to an overall higher efficiency
for the ICE. Furthermore, the EVT relies less on the battery to
store energy for later usage, which results in a better ageing
situation (in this case a 25% improvement).
Overall, the analyses of the two drivetrains show that
the total cost of ownership for a Doosan D90s-7 forklift has
reduced by roughly 10%. As a transmission with an electrical
port, the EVT offers significant advantages for electrification.
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